The main design criteria in a geodetic network are precision, reliability and strength, and economy. The proper design of geodetic networks is an integral part of the geodesist's task. The main goal of this paper is to suggest a strategy for designing a geodetic network to meet high reliability and geometrical strength criteria. In this context, a real 2D deformation monitoring scheme has been selected to evaluate its design criteria. The results indicate that the perimeter of a geodetic network is relatively weaker than the middle. This means that the perimeter observations are usually weaker than those in the middle, the maximum distortions are usually located on the edge netpoints, and the maximum robustness parameters belong to the perimeter of the network. A strategy has been recommended to counter this problem. The results also showed that the robustness parameters in rotation, shear, and scale are affected by redundancy numbers. Actually, the largest robustness parameters are due to the weak observations in the network.
INTRODUCTION
Optimization and design of geodetic networks is an integral part of most geodesy and geomatics engineering projects. The designed network should be optimum in the sense of quality design criteria. The quality of a geodetic network is characterized by precision, reliability and strength, and cost. Precision, as expressed by the covariance matrix of the estimated parameters, is the measure of the network's characteristics in propagating random errors; the ability of the measurements scheme to detect and hence eliminate blunders leads to the concepts of reliability and strength; and finally, economy is expressed in terms of the observation program. To design and optimize a geodetic network means to design a precise and reliable network that, at the same time, can be realized in an economical way. Traditionally, the optimization problems are classified into the following four orders (Grafarend 1974 ):
• zero-order design (ZOD): choosing an optimum reference system • first-order design (FOD): choosing an optimum configuration for the network • second-order design (SOD): choosing the optimum weights for observations • third-order design (THOD): improving an existing network
The above design orders can be done using two methods, namely, the trialand-error method and the analytical method. In the trial-and-error method the optimum network can be sought manually; the interested reader is referred to Cross (1985) . In contrast, the analytical method offers specific mathemat-
FIG. 1. Initial and Optimum Locations of Stations as Well as Distance Observations for Alavian Dam Deformation Monitoring Network
ical algorithms to solve a particular design problem. This method automatically produces a network that will be optimum in some mathematical sense. In this paper the design problem will be done analytically. For this purpose, a real 2D network was obtained from the Mahab Ghodss Engineering Company (1996) for an area in Azarbaijan Sharghi province in Iran. The network, which is a deformation monitoring scheme for the Alavian dam, consists of 15 stations (MP1 to MP15, or simply 1 to 15) for the outside of the dam construction. It also consists of the following observations:
• 53 distance observations with nominal standard deviation 0.2 mm ϩ 0.2 ppm using EDM Kern Mekometer ME5000 • 86 angle observations with nominal standard deviation 0.5 s using electronic theodolite Wild T2002 Fig. 1 illustrates the initial locations of the stations and the distance observations (angle observations are not included in this figure) . The objectives of this paper are
• to evaluate the weight problem in the 2D deformation network • to evaluate the design criteria in the initial (observed) network • to optimize the network analytically (FOD and SOD) in the sense of high reliability • to compute the design criteria of the optimized network and compare the results with initial values • to compare the reliability and geometrical strength criteria
• to recommend a strategy for designing a network to meet high reliability and geometrical strength criteria SOME BRIEF MATHEMATICAL BACKGROUNDS
Variance Component Estimation
One of the most difficult problems in the analysis of a geodetic network is the choice of the weight matrix of the observations. To evaluate the optimality criteria of the observed network requires a realistic covariance matrix. Even assuming the simple case of a diagonal matrix, the relative weights of the various observations need to be determined. Variance component (weight matrix) estimation was developed by Helmert in 1907, and a variety of approaches have been used [for example, Grafarend et al. (1980) or Lerch (1991) ]. The purpose of variance component estimation is to find realistic and reliable variance components of the observations in order to construct the covariance matrix of the observations correctly.
One derivation of Helmert's variance component analysis technique is based on Grafarend et al. (1980) . The method divides the observations into convenient categories or groups. These groups can be heterogeneous (for example, distances and angles, as in this study) or homogeneous (for example, distances from different instruments). The method leads to a set of symmetrical linear equations, known as the Helmert equation, as follows:
where H = Helmert matrix and is functions of normal equations, s contains the variance factors, and c = function of the estimated residuals of the different groups of observations. Then, it simultaneously estimates the variance component for each group of observations. The interested reader is referred to Grafarend et al. (1980) .
Local Precision Criteria
A great deal of work has been carried out in the field of user's precision requirements for geodetic networks. The precision in a geodetic network is expressed in terms of the variance-covariance matrix of the coordinates C x . This matrix, which resulted from a least-squares preanalysis or adjustment, contains complete statistical information about the unknown parameters, and its multidimensional interpretation is usually difficult.
Among the most obvious local precision criteria are the variances of the estimated parameters (diagonal elements of the covariance matrix), while the off-diagonal elements, the covariances, contain information pertaining to the correlations between the parameters. The variances and covariances provide a complete statistical picture of the network precision.
Confidence regions derived from the covariance matrix of the parameters offer a means of interpreting the precision of the coordinates determined from the least-squares preanalysis or adjustment. In a 2D network, the confidence regions for the network points are represented by confidence ellipses (error ellipses). Two types of confidence ellipses may be distinguished: absolute and relative.
Suppose the covariance submatrix (of C x ) of the 2D Cartesian coordinates (x p , y p ) of a point P is and xy is the covariance between x and y. The main measure and criterion is the semi-major axis of the error ellipse, which is given by:
It is clear that the smaller the semi-major axis a p , the better the precision of the geodetic network. Thus, a general criterion for the precision is defined as
This criterion is very useful as a computer simulation method, but its main disadvantage is putting it in mathematical form, which is indispensable if one uses analytical solutions.
Reliability and Robustness Criteria
The concept of reliability of geodetic networks originates from Baarda (1968) and refers to the ability of a network to detect and resist gross errors in observations. Usually we deal with ''internal reliability'' and ''external reliability.'' The former refers to the ability of the network to detect gross errors by tests of a hypothesis made with a specific confidence level (1 Ϫ ␣) and power (1 Ϫ ␤), while the latter is related to the effect of the undetectable gross errors on the estimated parameters.
The measure of internal reliability that refers to the lower bound of justdetectable gross error (ٌ 0 l i ) in the ith observation can be expressed as (Baarda 1968 
where ␦ 0 is the lower bound of the noncentrality parameter and is a function of ␣ and ␤, and and r i are the standard deviation and redundancy number l i of the ith observation, respectively.
The measure of external reliability, which refers to the maximum effect of the undetectable gross error (ٌ 0 l i ) on the estimates of unknown parameters, is given by
where (ٌ 0,i l ) is a vector containing zeros except for (ٌ 0 l i ) at the ith position.
From (5) and (6) we can see that the larger the redundancy number r i , the smaller the size of the undetectable gross errors as well as its influence on the estimated parameters. With this in mind, a special reliability criterion can be defined of the type min(r ) ϵ r → max (7) i min This is known as the general criterion for internal and external reliability. The external reliability criterion is dependent on the datum of the network. This is the main disadvantage of this criterion. Vaníček et al. (1990) proposed another aspect of external reliability called the ''robustness analysis.'' This criterion is based on the concept of strain, which is a purely geometric approach to the analysis of the deformation of a physical body.
In this technique, for each observation, the external reliability criterion (6) is used as a displacement field that is a function of position. Then, the gra-dient of the displacement field is computed with respect to position, and the strain matrix can be constructed. Various scalar parameters (deformation primitives) can be derived from the strain matrix in order to make the interpretation of strain more convenient and illustrative. Conventionally, these deformation primitives are dilation , which describes the average extension or contraction at a point; average differential rotation which describes the , z twisting about the local vertical axis at a point; and total shear ␥, which is the geometric mean of the components of pure () and simple () shears at each point. These deformation parameters are computed in each observation by its upper bound for undetectable gross errors at each point of the network. Only the largest primitives (in absolute value) at each point are retained as a measure of the strength of the network. These maximum values (denoted by max , ␥ max , max ) at each point in the network are called robustness parameters, referred to as robustness in scale, shear, and rotation (twist), respectively. For more details, refer to Vaníček et al. (1990) .
Optimal Design of Network to Meet High Reliability
As mentioned, the quality of a geodetic network is characterized by precision, reliability and geometrical strength, and economy. Traditionally, the reliability criterion (7) is used as a measure for optimal design of geodetic networks in the high reliability sense. The matrix R, which contains the redundancy numbers on its main diagonal, has the following form:
where D is the datum matrix, A is the design matrix, and P is the weight matrix of observations. The optimum selections of the design matrix and the weight matrix are FOD and SOD, respectively. This problem can be solved analytically. Kuang (1991) developed an efficient analytical method for solving the FOD or/and SOD problem(s). One can see that the matrix R consists of nonlinear functions (because of A, D, and P) of both the locations of points characterized by coordinates (x i , y i , i = 1,2, . . . , m) and observational weights ( p i , i = 1,2, . . . , n). In order to establish an explicit relation between the preset design criteria and the unknown parameters to be solved, this matrix is expanded to its linear form using a Taylor series expansion. Then it is possible to perform either a separate (for example, FOD or SOD) or simultaneous (for example, COMD) fully analytical optimal solution of the network configuration and the observational plan using the methodology of operations research (for example, linear programming). For more details, refer to Amiri Seemkooei (1998) or Kuang (1991) .
NUMERICAL RESULTS ON A REAL NETWORK
As mentioned before, a real 2D monitoring network has been selected to evaluate its design criteria. The main advantage of real networks is the availability of the observations, which helps to evaluate the design criteria correctly. The network in this study is the Alavian dam deformation monitoring scheme in an area in Iran. This network consists of 15 stations for the outside of the dam construction. It also consists of 53 distance observations and 86 angle observations. The degree of freedom of the network is df = 53 ϩ 86 ϩ 3 Ϫ 30 = 112, and the average of redundancy number of observations is r = df/n = 0.806. In the following sections, the design criteria of the network have been evaluated and some improvements and optimizations suggested. 
Weight Matrix Estimation
As mentioned, evaluation of the optimality criteria of the observed network requires a realistic covariance matrix. Since the actual observations are available for the network, it is possible to estimate the covariance matrix using Helmert's variance component estimation technique. The observations have been divided into two groups: distances with nominal standard deviations 0.2 mm ϩ 0.2 ppm, and angles with nominal standard deviations 0.5 ϫ s. 2 ͙ Then the method has been applied to these observations and two variance factors estimated. The results of variance component analysis for these observations are given in Table 1 .
After estimating the weight matrix of the observations, it is possible to evaluate correctly such design criteria as reliability, robustness parameters, and precision of the network.
Design Criteria of Initial Network
As mentioned, reliability criteria and robustness analysis are two aspects of the geometrical strength of a geodetic network. Table 2 gives the observations such that their redundancy numbers are less than 0.50. The weakest observation is the distance l 2-7 . It is noticeable that all of these weak distance observations are located on the edge of the network.
The design criteria of the initial network are given in Table 3 , which contains the maximum distortions of the undetectable blunders on the coordinates, the semi-major axis of the absolute 95% error ellipses, and the robustness parameters. Fig. 2 illustrates these distortions and error ellipses graphically. As seen, 67% of these maximum distortions are due to the distance observations listed in Table 2 . This means that most of these distortions are due to the weak observations in the network, which are all located on its perimeter.
The fifth column of Table 3 shows that for points 2, 8, and 14, the maximum distortions strongly exceed the semi-major axes of the error ellipses. This means that if they are precise enough for the desired displacements, they will not be reliable enough simultaneously. This is because the computed displacements for these points may be due to the influence of the maximum undectable observation blunders on the coordinates, not the real deformation 
FIG. 2. Influences of Maximum Undetectable Blunders on Coordinates (External Reliability) and Absolute 95% Error Ellipses for Alavian Dam Deformation Monitoring Network
of the points. It is noticeable, again, that the weak points (from the reliability point of view) are located on the perimeter of the network and are due to the weak observations. The table also shows the robustness parameters in rotation, shear, and scale; 62% of these robustness parameters are results of weak observations listed in the Table 2 . This means, again, that the robustness parameters are due to the weak observations. Thus, the robustness parameters are strongly correlated with redundancy numbers. The results also indicate that point 2 is relatively weaker than the others because the largest values for shear and scale all belong to this point (4.239 and 4.115 ppm, respectively).
As a result, it can be stated that the weak observations make the maximum distortions in the network. These maximum distortions, which are expressed either in terms of external reliability criteria (from the observations' point of view) or robustness parameters (from netpoints of view), conform to each other. To deal with a robust (high geometrical strength) network, we have to maximize the redundancy numbers of the weak observations (7). In the next stage the initial network has been optimized from reliability point of view analytically.
Design Criteria of Optimized Network
At this stage, the optimization model implied in the section on the optimal design of a network to meet high reliability, has been applied to optimize the monitoring network analytically in the sense of high reliability. To achieve this design criterion, the optimal configuration of the network (FOD) and the optimal observational weights of the observations (SOD) have to be deter- mined. For the purpose of the FOD, it is assumed (this assumption may not be achievable in practice) that the parameters to be optimized are the positions of the netpoints 1, 2, and 7. It is assumed that the possible coordinate changes to be introduced for these points range from Ϫ50 to ϩ50 m in both the x and y directions. For the purpose of the SOD, it is assumed that the parameters to be optimized are the standard deviations of the weak observations listed in Table 2 , ranging from 0.3 to 1 mm. The results of FOD and SOD problems are summarized in Fig. 1 and Table 4 , respectively. Table 4 also shows the redundancy numbers of the observations. As seen from the table, the minimum redundancy number increases from the initial value 0.165 to 0.369 (after FOD) and then to 0.498 (after SOD). One point that is obvious from these results is that decreasing the weights of the observations increases the redundancy numbers of such observations. This means that nonaccurate observations are more reliable in the network and vice versa. The design criteria of the optimized network are given in Table 5 (Table  3) , which contains the maximum distortions of the undetectable blunders on the coordinates, the semi-major axis of the absolute 95% error ellipses, and the robustness parameters. Fig. 3 illustrates these distortions and error ellipses graphically (Fig. 2) . As seen, 60% of these maximum distortions are due to the weak distance observations listed in Tables 2 or 4 . This means, again, that most of these distortions are due to the weak observations in the network, which are located on the network's edge. The maximum semi-major axis of the absolute 95% confidence ellipses is 1.63 mm, but the maximum distortion on the coordinates is 1.09 mm, which is smaller than 1.63. This means that the optimized network is accurate and reliable enough to detect displacements on the order of 2 mm. This is not valid however in the case of the initial network, but means that the initial network is accurate but not reliable on the order of 2 mm because the maximum semi-major axis and distortion are 1.55 and 1.97 mm, respectively.
Comparing the fifth columns of Tables 3 and 5 indicates that the maximum distortions, on average, improve by about 15% compared with the initial values, which implies that the optimized network is more reliable than the initial network. It is noticeable that the distortion of point 2 decreased significantly compared to that of points 8 and 14. This is because point 2 has been considered as a free point in the FOD. But such a situation does not exist for points 8 and 14. This means that realization of a high external reliability is mainly the task of FOD. Thus, the weak points (from the reliability point of view) should be changed to strength points in the FOD stage. Table 5 also shows the robustness parameters of the network, 56% of Tables 3 and 5 shows that the robustness parameters, on average, by about 20% after optimization. Approximately the same situation is valid for the weak point 2 since the shear and scale parameters have improved by about 18%. Thus, the robustness parameters are strongly correlated with the redundancy numbers. Point 2 is still weak compared to the other netpoints. As a result, it can be emphasized that the weak observations make the maximum distortions in the network. Maximizing the minimum redundancy numbers of the weak observations in the FOD and SOD stage has the same effect, on average, on the strength of the network, either from the reliability or from the robustness analysis point of view.
Some Improvements of Network
As seen from the results obtained in Table 5 , point 2 is relatively weaker than the others because the largest values for shear and scale are located on this point. Even after the FOD and SOD stages, these largest values improve by only about 18%, which may not be significant.
Comparison of points 1 and 2 implies that they have approximately the same situation in the network. But what is the main difference between these two points that makes the robustness parameters too different? After some investigation, it can be concluded that the observations that tie these two points to the rest of the network have the same situation except for one observation. Point 1 is tied to the other side of the network by the distance l 1-15 . But such an observation does not exist for point 2. Adding only one 
FIG. 4. Maximum Distortions and Error Ellipses of Network
observation (that is, THOD design), which ties point 2 to the other side of the network (for example, distance l 2-12 ), the results are summarized in Table  6 . As seen, the robustness parameters decrease significantly compared with the initial values. Another idea is suggested to improve the monitoring network. As seen from the results, the largest robustness parameters as well as the maximum distortions on the netpoints are due to the observations with minimum redundancy numbers. These weak observations are all distances rather than angles. According to the writer's investigations, this is because the distance observations are more accurate (and so less reliable) than those for the angles. Thus, they are not reliable enough and cause the maximum distortions on the network. We have to counter this problem.
As claimed by Mahab Ghodss Engineering Company (1996) , each distance was measured from two ends (for example, from i to j and from j to i ), the average of which was used as a single observation. Separating these two independent distance observations is suggested. This has two advantages: increasing the number of observations and decreasing the weights of observations, both of which increase the redundancy numbers of the observations. Fig. 4 gives the maximum distortions and error ellipses of the network after applying this idea. As seen, the maximum distortions decrease significantly (about 40%) compared with the initial values.
CONCLUSIONS AND RECOMMENDATIONS
The main goal of this paper was the evaluation and improvement of the reliability and geometrical strength criteria in a real deformation-monitoring network. Based on the given example, the following results, conclusions, and recommendations can be drawn.
The quality of a geodetic network is characterized by accuracy, reliability and strength, and economy. Networks may be designed to be very accurate, while they may not be reliable at the same time and vice versa. Thus, these criteria are different, and a network should be designed in such a way that it simultaneously satisfies both maximum accuracy and high reliability and strength. Unfortunately, the reliability criteria have not been considered for most Iranian networks.
The results indicate that the perimeter of a geodetic network is relatively weaker than the middle. The weakness (or strength) of a network can be expressed either from a reliability or a robustness analysis point of view. This means that the perimeter observations are usually weaker than those in the middle; the maximum distortions are usually located on the edge netpoints; and the maximum robustness parameters belong to the perimeter of the network. This is due to there being fewer and/or weaker observations typing the edge stations to the rest of the network. To counter this problem, that is, to design a robust network, considering both reliability criteria and robustness analysis simultaneously is suggested. According to the results, to design a robust network, the design orders can be done as follows:
• At the FOD stage, the weak points of the network (from the external reliability point of view) should be changed, if possible, to strength points. This means that realization of a high external reliability is mainly the task of FOD.
• The weak observations are usually located on the perimeter of the network. It was shown that to increase the redundancy numbers of these observations, one can decrease their weights using SOD analytically. Since the numbers of such observations are not so many, decreasing their weights makes the accuracy of the network worse or negligible.
• To deal with a robust network from a robustness analysis point of view, it is suggested to observe the outer points of the network (from one side to another) to each other (i.e., THOD design). For instance, adding only one such an observation (distance l 2-12 ) in the Alavian dam deformation network will significantly improve the robustness parameters.
Evaluation of the results shows that the robustness parameters are correlated with redundancy numbers. Actually, the largest robustness parameters as well as the maximum distortions of the network are due to the observations with minimum redundancy numbers. One can conclude that there is a good correlation between the reliability criterion and robustness analysis. Thus, one can analyltically design a geodetic network to meet high reliability and test it by robustness analysis to reach a network with high strength.
If we have some independent measurements for an observable, it is recommended to use these observations separately in the model, rather than their average. This, though, takes a larger amount of computer memory and increases the number of observations leading to increasing the reliability and strength of the network.
The Alavian dam deformation monitoring network is accurate in detecting displacements of the order of 2 mm, but it is not reliable enough at the same time because these displacements may be due to the influence of the undetectable blunders in the observations. Applying the suggested strategy results in a network that is both accurate and reliable simultaneously.
